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Localization of genes to different parts of the nucleus has the potential to promote activation or silencing of
transcription. Current evidence suggests that these effects are mediated by specific molecular interactions
between genes and nuclear structures rather than by partitioning of the nucleus into discrete compartments.
A growing body of data identifies the nuclear envelope as a major organizer of location-specific interactions
for both silent and active genes.The idea of nuclear compartments has
been widely discussed in the literature
for many years. Although it has been rec-
ognized for at least 100 years that eukary-
otic cells are compartmentalized entities,
the concept of compartmentalization
within the nucleus is much more contro-
versial. This is due to the fact that it has
not been possible to demonstrate the ex-
istence of membrane-bound nuclear sub-
compartments that would be equivalent
to the well-defined cytoplasmic compart-
ments formed by the endoplasmic reticu-
lum and Golgi apparatus. Moreover, re-
cent studies using GFP fusion proteins
have shown that all parts of the nucleus
are accessible to soluble nuclear proteins
and that proteins are able to diffuse very
rapidly within the nucleoplasm. Neverthe-
less, it is also clear that the nucleus is not
simply a bag of nucleic acids andproteins,
but a highly organized entity that contains
complex substructures with the capacity
to influence a variety of cellular processes
including gene expression. Here, I exam-
ine some of the latest developments in
this area and, specifically, how ideas on
the role of gene position in the nucleus
are changing in the light of recent studies.
Parameters that Affect Gene
Positioning in the Nucleus
The positioning of a gene in the eukaryotic
nucleus isconstrainedbyavarietyofdiffer-
ent parameters. The most basic constraint
is the location of the gene as part of the
linear sequence that forms each chro-
mosome. Chromosomes can range in
size from around 250 kb for the smallest
yeast chromosomes to 2500 Mb for the
larger chromosomes in mammals. Individ-182 Developmental Cell 15, August 12, 2008ual chromosomes form distinct territories
in the nucleus. Although these territories
were thought to be relatively discrete and
separate, recent data has provided evi-
dence of extensive intermingling between
chromosomes (Branco and Pombo,
2006), which would make it easier for
genes on different chromosomes to come
into contactwith one another. A further im-
portant parameter thatmay affect a gene’s
position in the nucleus is its immediate se-
quence neighborhood. A high proportion
of vertebrate genes are found in gene-
dense regions that place geneswith differ-
ent cell-type specificities in very close
proximity to one another, which can give
rise to situations where a tissue-specific
enhancerelement is locatedwithinaneigh-
boring ubiquitously expressed gene. Just
as we often find that we can’t choose our
human neighbors, a gene may also have
to make the best of where it happens to
find itself and evolve strategies that allow
it to maintain a specific expression pattern
in spite of the close proximity of other
genes. Context is a particularly important
problem for models that propose
a ‘‘strong’’ relationship between the posi-
tion of a gene in the nucleus and its tran-
scriptional status since genes that are
located in a gene-dense region will bring
neighboring genes with them when they
move toa ‘‘repressive’’ or ‘‘active’’ location.
If these genes have different cell-type
specificities, then it becomes necessary
to propose that some genes are resistant
to the effects of nuclear position or that
other parameters such as the action of
transcription factors are dominant over
spatial positioning in the nucleus. There
is already good evidence that both ofª2008 Elsevier Inc.these principles operate for many verte-
brate genes (Festenstein et al., 1996;
Lundgren et al., 2000; Milot et al., 1996).
Another parameter that can affect gene
positioning is folding of the DNA into
higher-order chromatin. If it were fully ex-
tended, the DNA in a mammalian nucleus
would stretch for over 2 m. To fit into the
nucleus, the chromosomes have to be
very highly folded. This is achieved first
by wrapping the DNA around histone oc-
tamers to create the nucleosomes that
form the 11 nm fiber and then by succes-
sive levels of higher-order folding that cul-
minate in condensation of metaphase
chromosomes (reviewed by Belmont
et al. [1999]). Folding of DNA into chroma-
tin is subject to a high degree of regulation
by binding of sequence-specific factors
and small RNAs, and by covalent modifi-
cations of the DNA and the core histones
that form the nucleosomes. Higher-order
folding of chromatin can influence the po-
sition of genes in the nucleus by trapping
them within large aggregates of con-
densed chromatin. Heterochromatin has
been shown to aggregate in this way in
some cell types to form large bodies that
stain densely with DNA stains. Condensa-
tion of chromatin might also be expected
to reduce intermingling of DNA within and
between chromosomes by creating dis-
crete regions of silent, condensed DNA.
In many cell types, heterochromatin has
been shown to localize preferentially to
the nuclear periphery.
Active Genes Often Loop out
of Chromosome Territories
The corollary to large-scale chromatin
condensation is that escape from regions
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volved in regulating transcriptional activa-
tion. The mouse Hoxb locus provides an
example of this type of looping. Bickmore
and colleagues studied the behavior of
the Hoxb genes during retinoic acid-
induced differentiation of ES cells into
neural progenitors (Chambeyron and
Bickmore, 2004). The timing of expression
of the genes in the Hoxb locus is colinear
with their order on the chromosome dur-
ing development, with the 30 Hoxb1 gene
expressed first during differentiation and
the more 50 Hoxb9 gene expressed at
later stages, after Hoxb1 has been
switched off. Differentiation of ES cells
was accompanied by a general acetyla-
tion and decondensation of the locus.
FISH analysis showed specific looping
out of the Hoxb1 gene, but not the
Hoxb9 gene, from the chromosome terri-
tory in Hoxb1-expressing cells. Induction
of Hoxb9 also results in looping of the
Hoxb9 gene out of the territory, but not
to the same extent as that of Hoxb1. Ex-
trusion of the Hoxb1 gene was accompa-
nied by movement toward the center of
the nucleus. Looping out of the human
major histocompatibility complex (MHC)
locus has also been observed in response
to activation by interferon-g (Christova
et al., 2007), although looping was only
observed in 35% of expressing cells. It is
not known whether the MHC loci that
were not looped out were actually being
transcribed at the time when the analysis
was performed, but the result does raise
the possibility that looping out is not nec-
essary for expression.
Other observations indicate that large-
scale looping out from chromosome terri-
tories is not obligatory for expression of at
least some genes. Analysis of the human
WAGR region, which contains the ET1,
RCN, PAX6, and PAXNEB genes, showed
that the locus remains localized within the
chromosome 11 territory even when the
genes are expressed (Mahy et al., 2002).
Similarly, expression of the Hoxd12 gene
does not seem to depend on looping out
of its chromosome territory, although the
Hoxd locus is subject to reorganization
(Morey et al., 2007). However, a Hoxb1-
lacz transgene that was integrated into
the Hoxd locus did show looping, indicat-
ing that the sequences immediately flank-
ing the transgene were sufficient to cause
looping out even when the rest of the
Hoxd locus did not undergo looping.This looping was largely (but not com-
pletely) correlated with expression of the
transgene (Morey et al., 2008). These re-
sults show that activation of transcription
is often associatedwith large-scalemove-
ment of genes in the nucleus, but they
also emphasize the predominant role of
cis-acting sequences in activating tran-
scription of many genes irrespective of
the location of the gene in a chromosome
territory.
‘Silent’ Chromatin Interacts with
the Nuclear Lamina and Other
Nuclear Membrane Proteins
It has long been known from cytogenetic
analysis that heterochromatin has a ten-
dency to associate with the nuclear pe-
riphery, which raises the possibility that
proximity to the nuclear envelope facili-
tates silencing. Andrulis et al. (1998)
showed that tethering of a disabled mat-
ing type silencer to the nuclear envelope
in budding yeast rescued its silencing
capacity. Silenced immunoglobulin genes
are also found at higher frequency at the
nuclear periphery in mammalian cells (Ko-
sak et al., 2002). Yeast telomeres, which
have the potential to silence genes that
are located close to them, are anchored
at the nuclear envelope through a mecha-
nism involving the Ku, Esc, and Sir4
proteins (Taddei et al., 2004).
The nuclear lamina is one of the major
structural elements of the nuclear enve-
lope in higher eukaryotes. The lamina is
a meshwork of proteins that associate
with the inner nuclear membrane and is
composed mainly of type V intermediate
filament proteins called nuclear lamins
(reviewed by Dechat et al., 2008). Tar-
geted mutagenesis in mice and studies
on naturally occurring mutations in human
patients have shown that the nuclear
lamins are responsible for maintaining nu-
clear shape (Guelen et al., 2008; Lam-
merding et al., 2006). A mutation of the
human nuclear lamin A protein has also
been found to result in reduced amounts
of constitutive and facultative heterochro-
matin and associated histone H3 lysine 9
and 27 methylation (Lammerding et al.,
2005; Shumaker et al., 2006).
Two recent studies by van Steensel and
colleagues used the DamID method to
study interactions between lamin B pro-
teins and genomic regions in Drosophila
and human cells (Guelen et al., 2008;
Pickersgill et al., 2006). The methodDevelopmental Cell 1involved fusing the lamin protein to the
E.coli DNA adenine methyl tranferase
(DAM) and using microarrays to analyze
adenine methylation in cells that express
the fusion protein. In both species, lamin
B was found to interact preferentially
with large intergenic regions that have
low gene densities. In human cells, the
lamin-interacting domains frequently con-
tained regions that were enriched for his-
tone H3 K9 and K27methylation andwere
often bordered by promoters or CpG is-
lands, or by CTCF binding sites. CTCF is
a chromatin boundary/insulator protein
that associates with cohesin and is
thought to have an important role in chro-
mosomal organization (Parelho et al.,
2008; Wendt et al., 2008).
Experiments to test whether localiza-
tion to the nuclear lamina is a direct cause
of transcriptional silencing have involved
tethering genes to proteins that are nor-
mally associated with the lamina. Singh
and colleagues created a fusion protein
between LacI and the inner nuclear me-
brane protein emerin and used binding
of this protein to an array of 256 lac bind-
ing sites to target a reporter gene driven
by the viral HSV-TK promoter to the inner
nuclear membrane in mammalian cells
(Reddy et al., 2008). The DamID method
was used to confirm that their targeting
strategy brought the reporter gene into
contact with the nuclear lamina. Their re-
sults showed that targeting to the lamina
resulted in silencing of the reporter gene
and of nearby endogenous genes within
a region of about 200 kb of flanking
sequence on either side of the targeted
sequence. However, another study that
targeted an artificially constructed trans-
gene to the periphery using a LacI-lamin
B fusion protein showed that the trans-
gene could still be transcribed despite be-
ing in a peripheral location (Kumaran and
Spector, 2008). Finlan et al. (2008) used
binding of a protein generated by fusing
LacI and the inner nuclear membrane pro-
tein Lap2b to an array of LacO sites to
shift an entire chromosome to a more pe-
ripheral location in a human fibrosarcoma
cell line. Microarray analysis showed that
three endogenous genes were repressed
at sites close to the LacO sites, but other
genes in the vicinity were unaffected and
only a small number of more distally
located genes were subject to repression
following relocation of the chromosome.
These results suggest that most5, August 12, 2008 ª2008 Elsevier Inc. 183
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pressive effects of peripheral location in
the nucleus, but also that localization rel-
ative to the nuclear membrane could be
involved in regulating silencing of a small
subset of genes. The discovery of large,
gene-poor lamin-interacting domains
(Guelen et al., 2008; Pickersgill et al.,
2006) suggests that the primary function
of DNA-lamin interactions might be to fa-
cilitate large-scale organization of chro-
mosomes in the nucleus and to promote
heterochromatinization of gene-poor re-
gions, with some genes adapting these
organizational mechanisms for their own
regulation. The fact that lamins are absent
from unicellular organisms and plants
suggests that the lamina evolved as
a structural component of the nuclear en-
velope in metazoa (Melcer et al., 2007)
and may have then acquired an additional
function in chromosome organization.
Active Genes Interact with the
Nuclear Pore
The studies described above and the ob-
served tendency for heterochromatin to
localize at the nuclear periphery led to
this region of the nucleus being associ-
ated with gene silencing. However, this
perception has been altered by recent
studies carried out mainly in yeast, which
showed that active genes specifically as-
sociate with the nuclear pore. The initial
observations that led to this conclusion
were made by Silver and colleagues,
who used ChIP analysis of nuclear pore-
associated proteins in budding yeast to
show that these proteins associated pref-
erentially with a subset of actively tran-
scribed genes (Casolari et al., 2004). Tran-
scription of the GAL and HXK1 genes led
to their relocalization to the nuclear pore
(Cabal et al., 2006; Casolari et al., 2004;
Taddei et al., 2006). Relocalization of
GAL was shown to depend on the SAGA
histone acetyl transferase complex (Cabal
et al., 2006). The yeast INO1 gene is an-
other example of a gene that is upregu-
lated by SAGA-dependent relocation to
the nuclear pore (Brickner and Walter,
2004). In Drosophila the SAGA complex
has been shown to be involved in anchor-
ing the heat-shock loci to the nuclear pore
and enhancing transcription and mRNA
export from the nucleus (Kurshakova
et al., 2007).
Further evidence linking the nuclear
pore with transcriptional activation has184 Developmental Cell 15, August 12, 2008come from a study showing that nuclear
pore components interact with MSL com-
plexes in Drosophila and human cells
(Mendjan et al., 2006). In Drosophila, the
MSL complex plays a key role in the dos-
age compensation mechanism that re-
sults in a global 2-fold upregulation of
genes on the male X chromosome. The
MSL complex is also found in humans,
although the function of human MSL is
unknown. The nuclear pore proteins
Mtor and Nup153 both copurified with
the MSL complex, and RNAi-mediated
knockdown of either protein disrupted
dosage compensation in male flies and
delocalizedMSL proteins from the X chro-
mosome. In normal male Drosophila em-
bryos and cells, the male X chromosome
is located close to the nuclear envelope,
suggesting that localization to the periph-
ery could be involved in generating
a global activating effect on an entire
chromosome (Mendjan et al., 2006). How-
ever, in another recent study, ChIP-on-
chip analysis of human genes carried out
on HeLa cells failed to show preferential
interaction of nuclear pore components
with active genes as compared with silent
nontranscribed genes (Brown et al., 2008)
Further studies using developmentally
regulated primary cell systems will be re-
quired to determine whether interaction
of transcriptionally active genes with the
nuclear pore is a widespread phenome-
non in vertebrates.
Stochastic versus Directed
Movement of Genes in the Nucleus
Many of the studies that have been dis-
cussed in the preceding sections show
that the expression status of a gene can
be associated with localization to either
the nuclear periphery or a more central lo-
cation in the nucleus. Several other recent
studies have suggested that individual
genes that are coexpressed in the same
cell type are brought into direct physical
contact with one another (Nunez et al.,
2008; Osborne et al., 2004; Spilianakis
et al., 2005). Since localization of genes
to specific regions of the nucleus and di-
rect contacts between genes that are
not closely linked would require gene
movement within the nuclear space, it is
important to consider how this might
occur.
Although genes are constrained by be-
ing part of the DNA fiber, studies in yeast,
Drosophila, and human cells have shownª2008 Elsevier Inc.that they undergo significant random
movement (Chubb et al., 2002; Heun
et al., 2001; Vazquez et al., 2001). In yeast,
this degree ofmovement is sufficient to al-
low a gene to explore the entire nuclear
volume, whereas in themuch larger mam-
malian nucleus, the region that is explored
roughly corresponds to the volume occu-
pied by a single chromosome (Misteli,
2005). This suggests that themechanisms
that determine nuclear positioning of
genes could differ significantly between
yeast and higher eukaryotes. In all three
systems, constraints on the movement
of individual loci suggested that chromo-
somes are subject to a significant amount
of tethering, with the nuclear envelope
and nuclear bodies such as the nucleolus
providing major anchoring points.
Another event that is likely to be
involved in the repositioning of genes is
cell division. Reassembly of the nuclear
envelope following exit from mitosis is
partly dependent on interaction of chro-
matin with the membrane vesicles that
form the envelope. Two separate studies
have shown that relocation to the nuclear
periphery of sites that have been engi-
neered to interact with the nuclear lamina
requires passage through mitosis
(Kumaran and Spector, 2008; Reddy
et al., 2008).
Directional movement has also been re-
ported in interphase nuclei of mammalian
cells on a timescale of 1–2 hr, which
would preclude involvement of cell divi-
sion. Binding of the VP16 activator to a re-
gion containing 2000–3000 VP16 binding
sites resulted in large-scale decondensa-
tion of the tagged locus, and this was ac-
companied by bursts of unidirectional
movement toward the nuclear interior
that lasted for several minutes (Chuang
et al., 2006). The directional movement
did not require transcription and was
blocked by specific actin or nuclear
myosin 1 mutants. Interchromosomal in-
teractions between estrogen receptor a
target genes and relocation of the genes
to the interchromatin granules (nuclear
speckles) containing the splicing machin-
ery have also been reported to be depen-
dent on nuclear actin and myosin 1
(Nunez et al., 2008).
The involvement of nuclear actin and
myosin in transcription and chromatin re-
modeling is well established, but the con-
cept of a nuclear actin/myosin motor that
would generate large-scale movement in
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clear myosin 1 has a very short tail, which
makes it unable to form filaments. There is
also no experimental evidence for long
actin filaments in the nucleus. Nuclear ac-
tin has been shown to interact with all
three RNA polymerases (for review, see
Pederson, 2008). Ye et al. (2008) showed
that actin and nuclear myosin 1 act to-
gether to promote RNA PolI transcription
and that this effect requires actin poly-
merization. Nuclear actin has also been
implicated in chromatin remodeling
(Olave et al., 2002). The involvement of
a putative actin/myosin motor in tran-
scription and chromatin remodeling is an
exciting development. However, the roles
that nuclear actin and myosin play in tran-
scription are likely to be local effects on
polymerase initiation and elongation (Ye
et al., 2008). The nature of the association
between this type of nuclear motor and
large-scale movement in the nucleus still
has to be resolved, but the relationship
seems likely, on current evidence, to be
a secondary effect. It is clear that the
mechanisms that govern large-scale
movement of chromatin in the interphase
nucleus will continue to be an important
area of study in years to come.
Conclusions: Getting to Grips with
the Functional Complexity of
Subnuclear Organization
As information about the behavior of indi-
vidual genes becomes ever more detailed
in the postgenomic age, it is perhaps inev-
itable that views about the role of nuclear
organization in gene regulation are under-
going radical change. In particular, it is
increasingly open to question whether
the word ‘‘compartment’’ can be used to
describe the complexity of subnuclear
structure-function relationships. The pe-
ripheral zone close to the nuclear enve-
lope was thought to form a repressive
subnuclear compartment defined in met-
azoa by proximity to the nuclear lamina.
However, the finding that the nuclear
pore is associated with gene activation
has cast doubt on this idea. The lamina
forms a mesh inside the nuclear mem-
brane, which is closely juxtaposed with
the nuclear pores and plays an important
role in stabilizing nuclear pore structure
(Daigle et al., 2001; Hawryluk-Gara et al.,
2005). It is difficult to envisage how two
nuclear components that are in such
close proximity to one another can define
separate compartments. Instead the data
suggest a model (illustrated in Figure 1)
where different regions of a chromosome
explore their immediate nuclear environ-
ment and form specific molecular con-
tacts with different nuclear complexes.
Formation and stabilization of these con-
tacts would be a function of sequence-
specific factors bound to the DNA, eipige-
netic modifications of chromatin proteins,
or both. The nuclear envelope would play
a key role in this type of model by acting
as a chromosomal organizer that could
perform many of the functions of the
elusive nuclear matrix. Large, gene-poor
regions containing silent genes would be
tethered to the lamina (Guelen et al.,
2008), promoting heterochromatin forma-
tion and playing a major role in organizing
the chromosome, while some transcrip-
tionally active genes on the same chro-
mosome would make contact with the
nuclear pore, facilitating processing and
transport of RNA transcripts. Other ac-
tively transcribed genes would remain
within the chromosome territory or would
relocate to the nuclear interior. There is
evidence that much of the RNA PolII tran-
scription in the nucleus occurs in com-
plexes or factories containing around
eight PolII molecules per factory (re-
viewed by Faro-Trindade and Cook,
2006; Martin and Pombo, 2003). These
factories could potentially transcribe
more than one gene at a time and would
therefore act as additional organizing
centers for transcription, which would in-
crease the probability of genes coming
into contact with one another.
This type of stochastic model goes
some way toward describing the current
data set on nuclear organization, but it
provides little information on the teleolog-
ical issue of why the nucleus is organized
the way it is and the nature of the func-
tional roles played by gene location in
transcriptional regulation. When consid-
ering this issue, it should be borne in
mind that besides transcription, the nu-
cleus is the venue for a variety of different
processes, including DNA replication, cell
division, DNA repair, and RNA export, to
name just a few. Many of these processes
take place simultaneously within the con-
fined space of the nucleoplasm, and at
least some aspects of chromosomal or-
ganization in the nucleus are likely to re-
flect the need to make them compatible
with each other. Differentiation and cellu-
lar transformation are often associated
Figure 1. Schematic Model Describing the Different Types of Interaction that Affect Gene
Location and Chromosomal Organization in the Nucleus
For simplicity, the figure shows a single chromosome territory, but it is likely that chromosome territories
overlap through intermingling. Different regions of the chromosome explore their environment through
stochastic movement. Interaction of large, gene-poor regions with the nuclear lamina has the potential
to provide a structural matrix that would anchor the chromosome and could also facilitate heterochromatin
formation. Movement of active regions would be enhanced by transcription and by chromatin remodeling.
Active genes can remain within territories, but gene movement would also result in interaction with the nu-
clear pore, or migration to the interior of the nucleus and association with transcription factories. For most
genes, all three options are compatible with transcription, but a small subset of genes would form specific
interactions with nuclear structures such as the nuclear pore, and these interactions would be necessary
for efficient expression of these genes.
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of individual genes and larger regions of
chromatin that are not directly correlated
with transcription (Chaly and Munro,
1996; Meaburn and Misteli, 2008; Terra-
nova et al., 2005). While changes in gene
location have been correlated with tran-
scriptional states, these are generally sta-
tistical effects rather than absolute links.
The evidence indicates that these effects
reflect different types of molecular inter-
action between genes and nuclear
complexes. Future efforts to understand
nuclear structure-function relationships
are likely to focus increasingly on charac-
terizing these interactions in detail at the
molecular level and understanding how
they affect different nuclear processes.
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